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Switch to Ca2+-permeable AMPA and reduced NR2B NMDA
receptor-mediated neurotransmission at dorsal horn
nociceptive synapses during inflammatory pain in the rat

Kristina S. Vikman, Beth K. Rycroft and Macdonald J. Christie

Pain Management Research Institute, Kolling Institute, The University of Sydney at Royal North Shore Hospital, St Leonards NSW 2065, Australia

Glutamate receptor response properties of nociceptive synapses on neurokinin 1 receptor

positive (NK1R+) lamina I neurons were determined 3 days after induction of chronic

peripheral inflammation with Freund’s Complete Adjuvant (CFA). A significant increase in

the AMPAR/NMDAR ratio was found during inflammation, which was associated with a

significant reduction in the quantal amplitude of NMDAR-mediated synaptic currents. A

significant shortening of the quantal AMPA current decay, a greater inward rectification of the

AMPAR-mediated eEPSC amplitude and an increased sensitivity to the Ca2+-permeable AMPAR

channel blocker 1-naphthylacetyl spermine (NAS) was also observed, indicating an increase in the

contribution of Ca2+-permeable AMPARs at this synapse during inflammation. Furthermore

the reduced effectiveness of the NR2B-specific antagonist CP-101,606 on NMDAR-mediated

eEPSCs together with a decrease in Mg2+ sensitivity suggests a down regulation of the

highly Mg2+-sensitive and high conductance NR2B subunit at this synapse. These changes

in glutamatergic receptor function during inflammation support the selective effectiveness

of Ca2+-permeable AMPAR antagonists in inflammatory pain models and may underlie the

reported ineffectiveness of NR2B antagonists in spinal antinociception.
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The superficial dorsal horn of the spinal cord is a major
area for integration of nociceptive information from
the periphery. NK1R+-expressing neurons, which densely
populate lamina I (Brown et al. 1995; Todd et al. 1998), have
been associated with the development and maintenance
of persistent pain since selective ablation of these neurons
results in an almost complete loss of nociceptive behaviour
in inflammatory and neuropathic pain models (Mantyh
et al. 1997; Nichols et al. 1999).

Little is known presently about adaptations to
glutamatergic neurotransmission or glutamate receptor
composition at these synapses during persistent pain
states. Alterations in receptor subunit expression and
phosphorylation have been reported for AMPAR and
NMDAR in the dorsal horn following peripheral noxious
stimulation using immunochemical methods (Guo et al.
2002, 2004; Nagy et al. 2004a; Caudle et al. 2005). However,
the localization of these adaptations to specific populations
of dorsal horn neurons, their functional significance and
their contribution to the activity of primary afferent
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synapses is yet to be ascertained during chronic pain.
Ultimately changes in glutamatergic function may have
consequences for the induction and maintenance of
long-term potentiation (LTP) at primary afferent synapses
on to dorsal horn neurons which is thought to contribute to
hyperalgesia and persistent pain (Ikeda et al. 2003, 2006).

In the present study, we investigated glutamate
receptor function at nociceptive primary afferent synapses
on NK1R+ lamina I neurons after induction of
chronic peripheral inflammation with Freund’s Complete
Adjuvant (CFA). We found an increase in the ratio of
AMPAR/NMDAR-mediated components of the primary
afferent synapse during inflammation, which was due
to reduced amplitude of quantal NMDAR-mediated
synaptic currents with no significant change in the
amplitude of AMPAR-mediated events. However, the
AMPAR component at this synapse showed a shift towards
transmission primarily by Ca2+-permeable receptor
subtypes whereas the NMDAR component exhibited
reduced NR2B subunit contribution and Mg2+ sensitivity.
These distinct changes in the glutamatergic drive of
primary afferent transmission are likely to influence
pathological nociceptive sensitivity.
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Methods

Induction of peripheral inflammation

All experiments were approved by the Joint Royal
North Shore Hospital/University of Technology Sydney
Animal Care & Ethics Committee which is compliant
with the National Health & Medical Research Council’s
Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes and as legislated by the
NSW Government. Male and female Sprague–Dawley
rats (16–31 days old) were used for all experiments, 74
animals in total. For induction of unilateral peripheral
inflammation, animals were anaesthetized with isoflurane
(Aerrane; Baxter, Puerto Rico, USA) whereafter 150 μl
of CFA (Sigma, Australia) was injected into the plantar
surface of the left hind paw. The animals were allowed
to recover and were kept for 72 h before being used for
electrophysiological experiments, which is within the peak
of nociceptive responses associated with this pain model
(Iadarola et al. 1988; Gu & Huang, 2001). Development of
characteristic signs of peripheral inflammation restricted
to the hind paw was monitored daily and confirmed in
each animal prior to experimentation. The signs included
erythema, oedema of the paw and a reduction in weight
bearing on the affected paw. Since saline injection into the
plantar surface has been shown not to cause any significant
changes in mechanical threshold or paw withdrawal
latencies (Iadarola et al. 1988; Gu & Huang, 2001), naı̈ve
rats were used as controls.

Spinal cord slice preparation

Rats were anaesthetized with isoflurane, decapitated and
the lumbar region of the spinal cord was removed.
Transverse spinal cord slices (350 μm) were cut on
a vibratome in an ice-cold solution of the following
composition (mm): 100 sucrose, 63 NaCl, 2.5 KCl, 1.2
NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 25 glucose and 2.5
NaHCO3. Slices were maintained at 32◦C in a submerged
chamber containing physiological saline solution (ACSF)
consisting of (mm): 125 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2
MgCl2, 2.4 CaCl2, 25 glucose and 2.5 NaHCO3 (pH 7.4,
osmolarity 305–310 mosmol l−1), which was equilibrated
with 95% O2 and 5% CO2. The slices were then transferred
to a recording chamber and superfused continuously
(2 ml min−1) with ACSF. Experiments were performed at
32◦C.

Electrophysiology

Lamina I was visualized using infra-red Nomarski optics
and neurons were selected for experiments based on
size and shape of the cell soma. The mean capacitance
of recorded neurons was 36.3 ± 1.4 pF for controls and
35.5 ± 1.3 pF for inflamed animals, as measured from

the amplifier’s capacitance compensation setting. Neurons
with a cell capacitance of ≤ 20 pF were discarded.
Whole-cell voltage-clamp recordings (holding potential
−74 mV) of synaptic currents were made using a Digidata
1322A and a Multiclamp 700B amplifier (both from
Molecular Devices, CA, USA). Patch electrodes with a
resistance of 2–4 M� were filled with a solution consisting
the following (mm): 113 caesium gluconate, 10 EGTA,
10 Hepes, 17.5 CsCl, 8 NaCl2, 3 QX-314, 2 MgATP
and 0.3 NaGTP, pH 7.2 (osmolarity, 280–290 mosmol l−1)
plus 0.2% biocytin. In some experiments, as indicated
in the text, 0.1 mm spermine tetrahydrochloride and
10 mm BAPTA were added to the internal solution.
Series resistance (≤ 15 M�) was compensated by 80%
and continuously monitored during experiments. Liquid
junction potentials of −14 mV were corrected for.
Recordings were low-pass filtered at 4–6 kHz, sampled at
10 kHz and analysed off-line using Axograph X (Axograph
Scientific, Australia). A bipolar tungsten electrode (FHC,
ME, USA) was carefully placed in the dorsal root entry
zone to ensure stimulation of primary afferent terminals
and electrically evoked excitatory postsynaptic currents
(eEPSCs) were recorded (0.01 Hz, 2–30 V, 100 μs). To
isolate eEPSCs, all experiments were performed in the
presence of strychnine (5 μm) and picrotoxin (100 μm)
to block glycine- and GABAA-mediated responses. Unless
otherwise stated, EPSCs were quantified by averaging
a minimum of 20 consecutive responses for each
condition. Only evoked currents with a clear first peak
were measured and included in the analysis to avoid
contamination from polysynaptic events. Recordings of
AMPAR/NMDAR ratios were performed at +26 mV.
AMPAR-mediated EPSCs were recorded at −74 mV in
the presence of the NMDAR antagonist AP5 (100 μm)
and the current–voltage relationship was analysed by
stepping the holding potential in 20 mV steps up to
+46 mV. The response at each voltage step was obtained
by averaging a minimum of three consecutive eEPSCs.
The rectification index of AMPAR-mediated responses
was calculated for each cell by dividing the average
peak current at +26 mV by the average peak current
obtained at −54 mV. For further study of NMDAR
eEPSCs, optimal recordings of glutamatergic eEPSCs were
first established at a holding potential of −74 mV, after
which the non-NMDAR antagonist CNQX (10 μm) was
perfused onto the slices. NMDAR-mediated eEPSCs were
studied in normal Mg2+ (1.2 mm)-containing ACSF. The
current–voltage relationship was examined by recording
synaptic currents at a range of holding potentials between
−104 mV and +36 mV.

Desynchronization of quantal events underlying the
eEPSC was achieved by inclusion of 4–8 mm SrCl2 while
reducing CaCl2 to 1 mm in the ACSF solution. Miniature
asynchronous evoked postsynaptic currents (aeEPSC)
were sampled at 10 s intervals. Data were filtered (2 kHz
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low-pass filter) and sampled at 10 kHz for on-line and
later off-line analysis (Axograph 4.6; Axon Instruments,
Union City, CA, USA). Events above a preset threshold
(3.5 s.d.s for AMPA, 2.5 s.d.s for NMDA above baseline
noise) were automatically detected by a sliding-template
algorithm for a window 100–600 ms post-stimulation
to ensure the capture of asynchronous events related
to stimulation and then manually checked offline. The
first 100 ms post-stimulation in the presence of Sr2+

was excluded to reduce the likelihood of including
multiquantal, synchronized EPSCs. Events were counted
in 500 ms epochs and data pertaining to individual
aeEPSC amplitude and 10–90% rise time accumulated.
Decay constants for AMPA aeEPSCs were obtained by
fitting an exponential function to the averaged aeEPSC
current for every cell. Due to the long decay time of the
NMDAR, these aeEPSCs could not be fitted to asymptote
with an exponential function due to interruption from
subsequent aeEPSC therefore tau was measured from the
averaged aeEPSC from each individual cell as 63% decrease
in the aeEPSC full amplitude.

Immunohistochemistry

At the end of electrophysiological experiments, slices were
fixed in 4% paraformaldehyde, 12.5% picric acid in 0.1 m

PBS, pH 7.1, for 1 h and then washed in 0.1 m Tris-buffered
saline (TBS). For immunohistochemical detection of
NK1, slices were washed in 0.1 m PBS, pretreated for
2 h in 5% normal horse serum, 1% bovine serum
albumin and 0.3% Triton-X 100 in 0.1 m PBS, followed by
incubation with rabbit anti-NK1 (Chemicon, Australia)
1 : 1000–1 : 2000 for 48–72 h at 4◦C. For visualization of
the primary antibody and biocytin-filled cells, slices were
incubated with Alexa 488 donkey anti-rabbit IgG 1 : 200
and Alexa 647–streptavidin conjugate 1 : 500 (both from
Invitrogen, Australia) for 2 h at room temperature. All
antibodies were diluted in 1% BSA and 0.3% Triton-X 100
in 0.1 m PBS. Slices were then washed in PBS, mounted
onto glass slides, air dried for 2 h and cover slipped
with Fluoromount-G (ProSciTech, Australia). Images of
immunolabelled neurons were obtained using a confocal
microscope (Olympus FV-300, Olympus, Australia).
Optical sections were collected by sequential scanning with
the relevant lasers and NK1 receptor immunopositivity
of the recorded neurons was analysed from maximum
intensity projections or single optical sections.

Data analysis

Data are expressed as mean ± s.e.m. with n referring to
number of cells. Drug effects are presented as percentage
inhibition of the baseline response. Statistical differences
were assessed using unpaired Student’s t test and ANOVA

with Bonferroni’s multiple comparison test correction,
and were plotted using Microsoft Excel and GraphPad
Prism software. Statistical significance was set to P < 0.05.

Materials

CP-101,606 was a generous gift from Pfizer (Australia),
QX-314 chloride was purchased from Alomone
Laboratories (Israel), AP5, BAPTA, GYKI 52466,
NAS, picrotoxin, spermine tetrahydrochloride and
strychnine hydrochloride were all purchased from Sigma
(Australia), and CNQX from Tocris Cookson (UK). Stock
solutions of all drugs were made in distilled water apart
from GYKI 52466 which was dissolved in 0.1 m HCl.
Stock solutions were diluted to working concentrations
in the extracellular solution immediately before use and
applied by superfusion, except for QX-314, BAPTA and
spermine tetrahydrochloride which were applied to the
internal solution.

Results

Identification of NK1R+ neurons in lamina I

Electrophysiological recordings were obtained from large
neurons with preferentially medio-laterally orientated cell
soma in the most superficial layer, lamina I, of the spinal
dorsal horn. These selection criteria were based on pre-
vious studies identifying the morphological characteristics
of nociceptive NK1R+ neurons in lamina I (Han et al.
1998; Cheunsuang & Morris, 2000). Expression of NK1R
in recorded neurons was confirmed post hoc by immuno-
histochemical analysis (Fig. 1A). Unless otherwise stated,
only NK1R+ neurons were included in analyses; however,
the remaining cells selected according to morphological
characteristics and capacitance that did not exhibit clear
NK1R immunoreactivity, possibly due to cell damage or
low expression levels, were representative of the identified
NK1R+ population and therefore have also been included
for comparison.

Altered synaptic contribution of AMPA and NMDA
receptors in NK1R+ neurons during inflammation

Inflammation-induced changes in glutamatergic response
properties were first examined by determining the relative
contribution of AMPARs and NMDARs (AMPA/NMDAR
ratio) to primary afferent synapses of NK1R+ neurons in
lamina I. Synaptic currents were recorded at a positive
holding potential (+26 mV), where they are composed
of both NMDAR- and AMPAR-mediated components
(Fig. 1B). The AMPAR component was isolated by
application of the NMDAR antagonist AP5 (100 μm)
and the NMDAR component was then obtained by
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Figure 1. Increased AMPAR/NMDAR ratio of nociceptive
synapses in lamina I of the superficial dorsal horn during
chronic peripheral inflammation
A, immunohistochemical detection of NK1R expression in a large
lamina I neuron filled with biocytin during recording; the dorsal
surface is at the top of figure. B, averaged traces of synaptic currents
recorded at +26 mV from NK1R+ neurons in response to primary
afferent stimulation normalized to the AMPAR component (black
trace), illustrating the difference between control and inflamed
animals in the relative proportion of the NMDAR-mediated component
of the synaptic EPSC (grey trace). C, histogram showing the increase in
the AMPAR/NMDAR ratio in inflamed animals, which was evident in all
lamina I neurons recorded as well as the specific population of
neurons identified as NK1R+. Data are presented as mean ± S.E.M. D,
scatter dot plot illustrating the spread in AMPAR/NMDAR ratios in the
two experimental groups, where a marked shift towards a higher
AMPAR/NMDAR ratio of the total population is observed in the
inflamed group. Horizontal bars and error bars indicate the
mean ± S.E.M. for each condition. Scale bars in B correspond to 25 ms
and 0.5 nA. ∗∗P < 0.01.

subtracting the AMPAR component from the mean
pre-drug response (Axograph X). In the presence of AP5
(100 μm), the AMPAR antagonist GYKI 52466 (100 μm)
resulted in an almost complete inhibition of the EPSC
in both control and inflamed animals (97.2 ± 0.2% for
control and 95.6 ± 1.3% for inflamed, n = 3 for both
groups). The AMPA/NMDAR ratio was significantly
increased in cells from inflamed animals compared
to controls (0.30 ± 0.05 controls; 0.55 ± 0.07 inflamed,
P < 0.01; Fig. 1C and D). An increase in AMPA/NMDAR
ratio was observed in all large lamina I cells in the inflamed
group, whether or not they were classified as NK1R+

neurons.

No change in quantal AMPAR synaptic amplitude but
a reduction in NMDAR amplitude in lamina I NK1R+

neurons during inflammation

An increase in the ratio of AMPA to NMDA
receptor-mediated currents can be explained by an
increase in the AMPAR-mediated component, a decrease
in the NMDAR-mediated component or a mixture
of the two. To distinguish between these possibilities
we analysed the underlying quantal events that
constitute the AMPAR- and NMDAR-mediated eEPSCs.
Desynchronizing individual synaptic quantal events with
Sr2+ (Goda & Stevens, 1994) allowed us to measure
quantal amplitude and kinetic data in order to evaluate
postsynaptic strength pertaining to the particular synapses
under investigation (Oliet et al. 1996). Decay kinetics
in particular from eEPSCs can be unreliable in the
dorsal horn due to the possibility of contamination
from polysynaptic events. Quantal events underlying the
eEPSC were examined in lamina I NK1R+ neurons by
replacing Ca2+ in the extracellular recording solution
with Sr2+ (Fig. 2A). Analysis of events revealed that
there was no significant difference in amplitude of
aeEPSCs between control and inflamed animals (Fig. 2B;
25.0 ± 1.4 pA, n = 13 in control; 25.9 ± 1.5 pA, n = 12
in inflamed, P > 0.05). This was also observed in the
NK1R+ population (25.3 ± 1.9 pA, n = 7 in control;
28.7 ± 1.3 pA, n = 8 in inflamed, P > 0.05). However,
there was a significant decrease in decay time constant
of the aeEPSCs (Fig. 2C; 1.78 ± 0.1 ms in control and
1.37 ± 0.1 ms in the inflamed group, 1.80 ± 0.1 ms and
1.33 ± 0.1 ms, respectively, for the NK1R+ population,
P < 0.01), which may be indicative of a change in
AMPAR subunit composition such as an increase in
Ca2+-permeable AMPARs (Thiagarajan et al. 2005). There
was also a small but significant reduction in aeEPSC
rise time during inflammation from 0.58 ± 0.04 ms in
control to 0.48 ± 0.02 ms in the inflamed group (Fig. 2D;
0.60 ± 0.03 ms and 0.48 ± 0.03 ms, respectively, for the
NK1R+ population, P < 0.05).
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Figure 2. Chronic peripheral inflammation
does not change the amplitude but
shortens the decay and rise time of
asynchronous AMPAR-mediated miniature
currents
A, traces of AMPAR-mediated aeEPSCs
recorded at −74 mV from a lamina I neuron
from a control and inflamed animal,
respectively. The lower panel illustrates
normalized averaged single currents extracted
from the above traces, showing shortening of
the decay of the aeEPSC in the inflamed animal
(grey) in comparison to control (black). B–D,
summary histograms displaying mean data ±
S.E.M. for aeEPSC amplitude (B), decay time (C)
and rise time (D). No significant change in
amplitude was observed in neurons from
inflamed animals whereas a significant
reduction in both decay time and rise time was
evident in all lamina I neurons recorded as well
as the population of neurons identified as
NK1R+. Scale bars in A correspond to 100 ms
and 50 pA. ∗P < 0.05, ∗∗P < 0.01.

In contrast to the lack of effect of inflammation
on the amplitude of AMPAR-mediated aeEPSCs, the
mean amplitude of NMDAR-mediated aeEPSCs in all
cells was reduced during inflammation (Fig. 3A and
B; 34.4 ± 3.6 pA, n = 15, in control and 25.4 ± 1.7 pA,
n = 17, in the inflamed group: P < 0.05) as well
as in the NK1R+ population (36.3 ± 5.9 pA, n = 5,
and 20.1 ± 0.9 pA, n = 4, respectively: P < 0.05). The
rise time of the NMDAR-mediated aeEPSC was also
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Figure 3. Chronic peripheral inflammation
decreases the amplitude and shortens the
rise time of asynchronous
NMDAR-mediated miniature currents
A, traces of NMDAR-mediated aeEPSCs
recorded at +26 mV from lamina I neurons
from a control and inflamed animal,
respectively. The histogram displays the
distribution of individual amplitudes for the
same neurons (open bars, control animal; filled
bars, inflamed animal), and the inset illustrates
the average current from the same cells
(control, black trace; inflamed, grey trace).
B and C, summary histograms displaying mean
data ± S.E.M. for aeEPSC amplitude (B) and rise
time (C) for both experimental groups. A
significant reduction in both amplitude and rise
time was evident in all lamina I neurons
recorded as well as the population of neurons
identified as NK1R+. Upper scale bars in A
correspond to 100 ms and 100 pA, and lower
scale bars to 20 ms and 20 pA, ∗P < 0.05.

affected, being significantly shorter in the inflamed
group (2.0 ± 0.08 ms) when compared to control (Fig. 3C;
2.4 ± 0.1 ms, P < 0.05). A similar trend was also observed
in the NK1R+ population (2.3 ± 0.3 ms in control
and 1.8 ± 0.09 ms in the inflamed group). Interestingly,
estimation of the NMDAR-mediated aeEPSC decay
appeared to be slightly but significantly slower during
inflammation. Measurements of tau as a 63% decrease of
the full aeEPSC amplitude were 35.5 ± 0.7 ms in control
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and 39.7 ± 1.5 in the inflamed group (34.3 ± 1.2 ms and
39.2 ± 1.2 ms, respectively, for the NK1R+ population,
P < 0.05).

Increased contribution of Ca2+-permeable AMPAR
subunits to primary afferent eEPSCs in NK1R+ lamina
I neurons during inflammation

The physiological properties of AMPARs are determined
by its subunit composition (for review, see Dingledine et al.
1999). The presence of GluR2 abolishes permeation by
Ca2+, hence receptors lacking this subunit are referred
to as Ca2+-permeable AMPARs. One characteristic of
Ca2+-permeable AMPARs is an inwardly rectifying
current–voltage (I–V ) relationship, which is due to
blockade by intracellular polyamines (Bowie & Mayer,
1995). I–V relationships of primary afferent eEPSCs
were studied in NK1R+ lamina I neurons in the
presence of AP5 (100 μm) with the addition of 0.1 mm

spermine to the intracellular solution to compensate for
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Figure 4. Peripheral inflammation causes a shift in the I–V relationship of primary afferent-evoked
AMPAR-mediated currents at nociceptive synapses in lamina I
A, upper panel illustrates traces of AMPAR-mediated eEPSCs recorded at different holding potentials (as plotted in
lower panel) from an NK1R+ neuron of a control and inflamed animal, respectively. The diagram in the lower panel
shows that the rectification at positive potentials of the I–V relationship of NK1R+ neurons is significantly enhanced
in inflamed animals. B, scatter plot illustrating the spread in rectification index (I+26mV/I−54mV) of recorded neurons
from the two experimental groups, with a marked shift towards lower rectification index in the inflamed group
(P < 0.001, ANOVA). Horizontal bars and error bars indicate the mean ± S.E.M. for each condition. C, the significant
reduction in mean rectification index of the inflamed group was due to blockade by intracellular spermine (open
bars) and the reduction was abolished in the absence of spermine (filled bars) in the intracellular recording solution.
Data are presented as mean ± S.E.M. Scale bars in A correspond to 10 ms and 1 nA. ∗∗P < 0.01, ∗∗∗P < 0.001.

a possible loss of endogenous polyamines from dialysis
during recording. As shown in Fig. 4A; I–V curves
from NK1R+ neurons in control animals showed weak
rectification at positive potentials whereas a profound
inward rectification at positive potentials was observed
in inflamed animals. The rectification index of NK1R+

lamina I neurons from control animals ranged from 0.48
to 1.04 (n = 14), indicating that there is considerable
variation in the contribution of Ca2+-permeable AMPARs
at primary afferent synapses onto different lamina I
cells under control conditions (Fig. 4B). By contrast,
the rectification index in inflamed animals ranged from
0.33 to 0.60 (n = 14), which was significantly lower than
in controls (0.62 ± 0.04 in control versus 0.42 ± 0.03
in inflamed, P < 0.01) (Fig. 4B and C). This suggests
increased contribution of Ca2+-permeable AMPARs to the
primary afferent synaptic responses of NK1R+ lamina I
neurons during inflammation.

To verify that the enhanced rectification observed in
inflamed animals was due to block of outward currents by
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intracellular polyamines, we examined the rectification
index without the addition of exogenous spermine to
the intracellular solution (Fig. 4C). There was only
a small change in the rectification index of control
NK1R+ lamina I neurons in the absence of intracellular
spermine (from 0.62 ± 0.04 to 0.66 ± 0.03, n = 19) but
the reduction in rectification index was abolished in
the inflamed group (from 0.42 ± 0.03 to 0.69 ± 0.05,
n = 13, P < 0.001, ANOVA), which confirms an increased
contribution of Ca2+-permeable AMPARs during
inflammation.

Another characteristic of Ca2+-permeable AMPARs is
sensitivity to blockade by extracellularly applied poly-
amines, such as Joro spider toxin (Blaschke et al. 1993). To
determine the sensitivity of AMPAR-mediated eEPSCs in
lamina I NK1R+ cells to extracellular polyamines we used
a synthetic analogue of Joro spider toxin, NAS (Koike et al.
1997). NAS (100 μm) inhibited the eEPSC amplitude in
control animals by 26.3 ± 1.9% (n = 17) whereas inflamed
animals were significantly more sensitive to NAS, being
inhibited by 46.6 ± 3.1% (n = 15; P < 0.01, Fig. 5A–C),
providing further confirmation of increased contribution
of Ca2+-permeable AMPARs to synaptic currents during
inflammation.

Reduced NMDAR contribution to eEPSCs is not due
to enhanced AMPAR-mediated Ca2+ entry

It has previously been shown that Ca2+ influx through
Ca2+-permeable AMPARs can desensitize neighbouring
NMDARs in dorsal horn neurons (Kyrozis et al. 1995),
which may explain the observed reduction in contribution
of NMDARs to the eEPSC during inflammation. A
separate series of experiments was performed in which the
AMPAR/NMDAR ratio was recorded in the presence of a
high concentration of the Ca2+ chelator BAPTA (10 mm) in
the intracellular solution to buffer intracellular Ca2+ and
thereby diminish Ca2+-dependent desensitization of the
NMDAR (Tong et al. 1995). Fast chelation of intracellular
Ca2+ by BAPTA had no effect on the AMPAR/NMDAR
ratio during inflammation, which again was significantly
higher in inflamed animals (0.64 ± 0.7, n = 5), than in
controls (0.38 ± 0.05, n = 7, P < 0.05). This suggests that
Ca2+-dependent desensitization of NMDARs does not
account for the decrease in NMDAR contribution during
inflammation.

Inflammation-induced changes in NMDAR properties
of nociceptive synapses in lamina I

The observed reduction in contribution of NMDARs
to primary afferent eEPSCs onto NK1R+ neurons in
lamina I during inflammation could be due to selective
loss or redistribution of NMDAR subunits. We therefore
next considered whether persistent inflammation causes
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Figure 5. Increased sensitivity of primary afferent-evoked
AMPAR-mediated currents to blockade by extracellular
polyamines during chronic peripheral inflammation
A and B, examples of recordings from individual NK1R+ neurons from
a control (A) and inflamed animal (B), illustrating that superfusion of
the synthetic Joro spider toxin analogue NAS (100 μM) (application
commenced at the arrow) during recording of AMPAR-mediated
eEPSCs resulted in a minor reduction in amplitude in control animals
but had a marked effect on eEPSC amplitude in inflamed animals.
Insets correspond to single eEPSCs recorded from the cell, at baseline
prior to NAS application (black trace) and after the NAS effect had
stabilized (grey trace). C, scatter plot illustrating the spread in
inhibitory effect of NAS on AMPAR-mediated eEPSC amplitude in the
two experimental groups. Horizontal bars and error bars indicate the
mean ± S.E.M. for each condition. Chronic peripheral inflammation
caused a significant increase in sensitivity of synaptic AMPAR-mediated
currents to inhibition by NAS. Scale bars in A correspond to 10 ms and
0.2 nA and in B to 10 ms and 0.5 nA. ∗∗P < 0.01.
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Figure 6. Reduced contribution of NR2B-containing NMDARs to
primary afferent-evoked EPSCs at nociceptive synapses in
lamina I during chronic peripheral inflammation
A and B, examples of recordings from individual NK1R+ neurons from
a control (A) and inflamed animal (B), illustrating that superfusion of
the NR2B inhibitor CP-101,606 (5 μM) (application commenced at the
arrow) during recording of NMDAR-mediated EPSCs at +26 mV had a
smaller effect on amplitude in inflamed animals than in control. Insets
correspond to single eEPSCs recorded from the cell, at baseline prior
to CP application (black trace) and after the effect of CP has stabilized
(grey trace). C, summary histogram showing that the inhibitory effect
of CP was significantly reduced in animals with peripheral
inflammation. Data are presented as mean ± S.E.M. Scale bars in A
correspond to 100 ms and 100 pA and in B to 50 ms and 200 pA.
∗∗P < 0.01.

changes to the NMDAR response properties of nociceptive
synapses. As the NR2B subunit is highly localized
within the superficial dorsal horn (Nagy et al. 2004b),
its contribution to the NMDAR-mediated eEPSC at
+26 mV to release Mg2+ block was investigated using
the non-competitive NR2B antagonist CP-101,606 (5 μm)
(Brimecombe et al. 1997) in the presence of CNQX
(10 μm) (Fig. 6A and B). In control animals, CP-101,606
reduced the amplitude of the NMDAR-mediated EPSC
by 47.8 ± 3.0% (n = 10) whereas the effect in inflamed
animals was significantly smaller (31.1 ± 3.2%, n = 7,
P < 0.01) (Fig. 6C), indicating that the contribution of
NR2B-containing receptors to the primary afferent EPSC
onto NK1R+ neurons in lamina I is reduced during
inflammation.

NMDAR subunits exhibit different Mg2+ sensitivity
which may provide additional information as to subunit
changes during inflammation. I–V curves from NK1R+

lamina I neurons in both control (n = 12) and inflamed
(n = 11) animals showed a typical negative slope
conductance due to voltage-dependent block of NMDAR
channels by Mg2+ (Fig. 7A). When I–V relationships for
each cell were normalized to the maximum outward
current at +36 mV, significantly reduced rectification at
negative potentials was observed in inflamed animals
(P < 0.01, ANOVA) (Fig. 7B). Reduced rectification
suggests a decrease in the Mg2+ sensitivity of the
NMDAR-mediated EPSC during inflammation.

Discussion

The present study demonstrates that chronic peripheral
inflammation is associated with profound changes in the
contribution of distinct glutamatergic receptor subtypes
to nociceptive synaptic transmission in the superficial
spinal dorsal horn. Although there was an increase in
AMPAR/NMDAR ratio during inflammation, this was not
associated with an increase in synaptic quantal amplitude
of AMPAR-mediated currents but rather due to a decrease
in the quantal amplitude of the NMDAR component.
However, redistribution of AMPAR subunits occurred
with an increased relative contribution of Ca2+-permeable
AMPARs to the synaptic response, as indicated by
a shortening of the quantal aeEPSC decay, increased
polyamine-mediated rectification of the AMPA-mediated
eEPSC and increased sensitivity to the Ca2+-permeable
AMPAR blocker NAS. Reduction of the NMDAR quantal
amplitude was attributed to a down-regulation of the
highly Mg2+-sensitive NR2B subunit. This was suggested
by a decrease in the inhibition of NMDAR-mediated
eEPSCs by the selective NR2B antagonist CP-101,606
and further supported by a reduction in the Mg2+

sensitivity of these currents in inflamed animals. We
previously reported (Rycroft et al. 2007) that the same
inflammatory pain model did not affect the paired-pulse
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ratio at this synapse, suggesting that the alterations in
AMPAR and NMDAR function observed here must relate
to a change in postsynaptic glutamatergic function rather
than presynaptic release probability. Whilst we have not
determined whether these adaptations are exclusively
localized in the neuronal population investigated in this
study, the changes we have observed in lamina I NK1
expressing cells are likely to be of importance to nociceptive
signalling in the dorsal horn.

The relevance of Ca2+-permeable AMPARs
for inflammatory pain

The present results suggest that increased contribution of
Ca2+-permeable AMPARs to nociceptive primary afferent
synapses may contribute to enhanced pain responsiveness
at the peak of inflammatory hyperalgesia, 3 days after
CFA injection. This is consistent with GluR2 lacking
Ca2+-permeable AMPARs being strongly implicated in
nociceptive plasticity and inflammatory pain hyper-
sensitivity (Hartmann et al. 2004). Ca2+-permeable
AMPARs are assembled as a combination of GluR1, 3 and
4 and are associated with a larger conductance and faster
decay kinetics (Thiagarajan et al. 2005). GluR1 is the most
abundant subunit in the superficial dorsal horn with a
predominant localization to nociceptive synapses (Nagy
et al. 2004a) and the presence of Ca2+-permeable AMPARs
has been demonstrated in specific subpopulations of
neurons in the dorsal horn, including NK1R+ neurons in
lamina I (Tong & MacDermott, 2006). Recently, GluR2
expression was identified in the vast majority of all
AMPAR immunoreactive sites in the dorsal horn (Nagy
et al. 2004a), suggesting a mixture of Ca2+-permeable
and -impermeable AMPARs occurs throughout this
region. A varying degree of inward rectification of the
AMPAR-mediated EPSCs in control animals was observed
in the present study confirming the presence of both types
of AMPARs at nociceptive synapses on NK1R+ lamina I
neurons.

The increased contribution of Ca2+-permeable
AMPARs without any evidence for a change in the quantal
synaptic AMPAR current during chronic inflammation
suggests that a switch in receptor subtype may have
occurred at the nociceptive synapses of lamina I NK1R+

neurons. By contrast, a change in the quantal amplitude
of the aeEPSC might have been expected if additional
insertion of the larger conductance Ca2+-permeable
AMPARs had occurred without loss of Ca2+-impermeable
AMPARs. Similarly, Plant et al. (2006) reported an
increased contribution of Ca2+-permeable AMPARs
during induction of LTP that was associated with the
increased synaptic strength at the Schaffer collateral
synapse. Subsequently, during maintenance of LTP the
contribution of Ca2+-permeable AMPARs abated without
loss of synaptic strength, as Ca2+-permeable AMPARs

switched to impermeable AMPARs at potentiated
synapses.

Another possible explanation for a reduction in the
NMDAR component with no marked change in the size
of quantal AMPARs is the unsilencing of synapses during
inflammation. Reversion of pure NMDAR silent synapses
to active synapses containing both AMPA and NMDARs
has previously been implicated in synaptic plasticity
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Figure 7. Primary afferent-evoked NMDAR-mediated synaptic
currents show reduced Mg2+ sensitivity during chronic
peripheral inflammation
A, traces of NMDAR-mediated eEPSCs recorded at different holding
potentials (as plotted in lower panel) from an NK1R+ lamina I neuron
of a control and inflamed animal showing a typical negative slope
conductance due to voltage-dependent block by Mg2+. Scale bars
correspond to 50 ms and 0.3 nA for control and 50 ms and 0.5 nA for
inflamed. B, the diagram illustrates the mean I–V relationship of
NMDAR-mediated eEPSCs for each experimental group, normalized to
the maximum outward current at +36 mV, and the significantly
reduced rectification at negative potentials in the inflamed group
(P < 0.01, ANOVA). Inset shows a summary histogram of
un-normalized data, comparing the mean ratio of the maximum
outward current (at +36 mV) and the maximum inward current (at
−44 mV) for each experimental group. The ratio is significantly smaller
in the inflamed group, which confirms a reduced Mg2+ sensitivity of
NMDAR-mediated eEPSCs at negative potentials during peripheral
inflammation. ∗P < 0.05.
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(Isaac, 2003; Franks & Isaacson, 2005). Silent synapses are
present in the dorsal horn and have been implicated in
nociception (Bardoni et al. 1998; Li & Zhuo, 1998; Jung
et al. 2005). However, their relevance for pain transmission
is hampered by their predominant expression being during
the first two postnatal weeks (Li & Zhuo, 1998) and the lack
of evidence for their presence in adult animals (Baba et al.
2000). Given that animals used in this study were older
than 2 weeks, we consider that unsilencing of synapses is
unlikely to contribute greatly to the observed differences
in glutamatergic drive reported here.

Interactions of auxillary proteins with AMPA and
NMDARs could also have contributed to the changes
observed during inflammation. Soto et al. (2007)
recently demonstrated that interaction of Ca2+-permeable
AMPARs with the auxillary protein Stargazin reduced
block by intracellular polyamines and therefore inwardly
rectifying characteristics. As an alternative mechanism
it is possible that inflammation reduces expression
of Stargazin resulting in an increased sensitivity of
Ca2+-permeable AMPARs to polyamines and exhibiting a
greater inward rectification at positive potentials. However,
our observation of the increased effect of Ca2+-permeable
AMPAR-selective antagonist NAS and shortening of
the aeEPSC decay during inflammation still favour the
interpretation that the contribution of Ca2+-permeable
AMPARs at primary afferent synapses is increased during
inflammation. Nonetheless, it would be interesting to
investigate the expression of Stargazin in the dorsal horn
during inflammation.

While NMDAR activation and synergistic interaction
with other pathways for elevation of [Ca2+]i has been
shown to be necessary for induction of LTP in lamina
I neurons (Ikeda et al. 2006), calcium influx through
Ca2+-permeable AMPARs may also contribute to this
process as has been shown in the hippocampus (Plant
et al. 2006). It has become widely accepted that LTP
is associated with rapid incorporation of AMPARs into
synapses, which consequently enhances the synaptic
strength (for review, see Collingridge et al. 2004). However,
an exchange of receptor subtypes in the synaptic pool,
as was first described in cerebellar stellate cells (Liu &
Cull-Candy, 2000), is also suggested as a mechanism for
regulation of synaptic efficacy in addition to the traditional
view of changes in AMPAR numbers/receptor insertion.
Furthermore, specific AMPAR redistribution with a switch
to Ca2+-permeable receptors has recently been described
for long-lasting plasticity in the brain (Bellone & Luscher,
2006).

Inflammation induced changes in NMDAR properties
of nociceptive synapses

The increased AMPAR/NMDAR ratio observed during
inflammation can be explained by a change in the NMDAR

component as the quantal amplitude of the Sr2+-induced
asynchronous NMDAR-mediated currents was reduced.
In addition to marked changes in contribution
of Ca2+-permeable AMPARs, we also observed
distinct modifications/reduction of the NMDAR-
mediated responses of nociceptive synapses of NK1R+

lamina I neurons during chronic inflammation. The
reduction in the NMDAR quantal amplitude during
inflammation could be due to down-regulation of the
high conductance NR2B subunit in lamina I, which would
be consistent with the observed reduced effect of the
NR2B-specific antagonist CP-101,606. Reports describing
phosphorylation of NR2B, a priming mechanism for
internalization (Guo et al. 2002, 2004), as well as
reduced expression of NR2B following chronic peripheral
inflammation (Caudle et al. 2005) are consistent with
this possibility. Alternatively or additionally, reduced
NMDAR quantal amplitude may have resulted from
a subunit-specific switch in NMDAR subtypes. A
proportional up-regulation of the lower conductance
NR2D or NR3A subunits (Wyllie et al. 1996; Das et al.
1998) that also exist in the superficial dorsal horn (Tölle
et al. 1993; Ciabarra et al. 1995) would be expected
to produce a smaller quantal NMDAR current. The
reduced sensitivity of NMDAR-mediated EPSCs to
Mg2+-dependent rectification at negative potentials in
inflamed animals is also consistent with this possibility
as both NR2D and NR3A subunits exhibit reduced
Mg2+ sensitivity in comparison to the NR2B subunit
(Monyer et al. 1994; Sasaki et al. 2002). Furthermore,
NR2D-containing NMDARs exhibit slower inactivation
kinetics (Monyer et al. 1994; Wyllie et al. 1998), which
may underlie the slight slowing of the estimated decay
of the NMDA-mediated quantal current observed here.
However, studies have yet to prove that the NR2D subunit
occurs synaptically favouring a more extrasynaptic role
(Brickley et al. 2003) and without specific antagonists
for the NR2D or NR3A subunits up-regulation of their
function is hard to assess.

Although at positive holding potentials the quantal
amplitude of the NMDAR-mediated eEPSC was reduced
during inflammation, it is likely that at negative membrane
potentials (less than −20 mV) and physiological Mg2+

concentrations, more current will be mediated by the
less Mg2+-sensitive NMDARs. Thus, we predict that
NMDAR-mediated signalling in the dorsal horn may in
fact be increased during inflammation consistent with
the observations of Guo & Huang (2001). Furthermore
this increase in NMDAR-mediated transmission and
subsequent calcium influx during inflammation could
contribute to enhancement of LTP, an NMDAR-dependent
process in lamina I of the dorsal horn (Ikeda et al.
2003, 2006). Indeed removing the Mg2+ block of
NMDARs has been shown to enhance LTP in the nucleus
accumbens (Schramm et al. 2002). In addition, changing
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NMDAR Mg2+ sensitivity will have vast implications for
other dependent integrative synaptic processes such as
coincidence detection and synaptic refinement (Rudhard
et al. 2003).

Implications

These findings present evidence of specific adaptations
in excitatory response properties underlying the
maintenance of inflammatory pain hypersensitivity
at nociceptive synapses in lamina I of the spinal
dorsal horn beyond the initial period of synaptic
plasticity. Taken together, our results establish emergence
of Ca2+-permeable AMPAR-mediated transmission at
nociceptive synapses in lamina I during chronic peripheral
inflammation, implicating the physiological relevance of
Ca2+-permeable AMPARs for long-lasting inflammatory
pain hypersensitivity as previously suggested (Hartmann
et al. 2004).

Studies of selective AMPAR and NMDAR antagonists
in experimental pain models have shown discrepancies
in their efficacy for blocking hyperalgesia, depending
on the type and duration of the pain condition,
suggesting that time- and injury-specific changes in
glutamate receptor subtypes occur in spinal pain pathways
(Bleakman et al. 2006). This complexity emphasizes the
importance of elucidating the adaptive changes occurring
in nociceptive synapses in the spinal dorsal horn in order
to better optimize treatment regimes for different pain
conditions. Our finding of an increased contribution
of Ca2+-permeable AMPARs during inflammation is
consistent with the reported selective effectiveness of
Ca2+-permeable AMPAR antagonists in inflammatory
pain models (Sorkin et al. 2001; Hartmann et al. 2004).
In addition, our results suggest that down- regulation
of NR2B subunit contribution to NMDAR function
during inflammation may underlie the ineffectiveness
of NR2B antagonists in spinal antinociception (Chizh
et al. 2001). If, as our results suggest, NR2D or NR3A
subunits contribute more substantially to NMDAR
function during chronic inflammation these subunits
may provide a more amenable pharmacological target for
chronic inflammatory pain relief.
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